Abstract. Carbonate samples from the 8.9-Mt nuclear (near-surface explosion) crater, OAK, and a terrestrial impact crater, Meteor Crater, were analyzed for shock damage using electron paramagnetic resonance (EPR). Samples from below the OAK apparent crater floor were obtained from six boreholes, as well as ejecta recovered from the crater floor. The degree of shock damage in the carbonate material was assessed by comparing the sample spectra to spectra of Solenhofen and Kaibab limestone, which had been shocked to known pressures. Analysis of the OAK Crater borehole samples has identified a thin zone of allocthonous highly shocked 
Introduction EPR analysis technique to geologically young terrestrial impact craters.
Earlier work relating EPR data to shock deformation was developed by Vizgirda et al. [1980] using core material from beneath a 18 kt near-surface explosion,
CACTUS
Crater. Their work demonstrated a linear relationship between shock pressure and the hyperfine splitting in the EPR spectra that originated from Mn 2+ substituting as an impurity for Ca 2+ in the calcite component of the carbonate. CACTUS is a bowl-shaped crater, and the results of the EPR analysis were fit to a power curve directly relating sample depth to hyperfine splitting. This paper expands upon the previous calibration technique and extends its application to the study of larger, gravity-dominated, craters. In this study, shock pressures were determined for the carbonate samples from OAK Crater by numerically comparing the sample spectrum to standard spectra of the well-consolidated Solenhofen limestone (rather than coral media), which had been shocked to known pressures in the laboratory. Similarly, several experimentally shocked Kaibab samples were used as a pressure calibration for the Meteor Crater samples. The present approach employs improvements in data reduction methods, as well as greater EPR signal strength.
We believe the EPR technique described here can be a useful tool in the analysis of other terrestrial impact craters. Of the 150 terrestrial craters suspected to be impact structures [Grolier, 1985] , at least 27 were formed within carbonate target rock [Grieve, Cores of sample material, 0.64 cm in diameter, were cut into cylinders I cm in length and pressed into stainless steel sample chambers. The rear of the sample chamber cup was enclosed by a stainless steel plug, which was notched to vent any impact-generated gases. The sample chamber was then inserted into a large stainless steel momentum trap and mounted with the vacuum chamber of the Caltech 40-mm propellant gun apparatus. Lexan projectiles containing flyer plates of aluminum or lexan impacted the target assembly at velocities between 0.8 and 1.6 km/s to yield initial shock pressures of 1.3 to 9.8 GPa and 0.7 to 2.0 GPa for the Solenhofen and Kaibab samples, respectively. Initial shock pressure, rather than final, reverberated shock pressure is quoted because most of the entropy generated by the shock, and hence the shock damage, is associated with the initial shock wave [Lange and Ahrens, 1986] .
Shock pressures were calculated using the projectile velocities and the impedance match technique (Table 1) The specific behavior of the peaks in the high-field doublet of the carbonate samples from OAK crater is less obvious and becomes difficult to detect in samples subjected to high shock pressures, because of the high aragonite content and poor ordering in the calcite (see the Kaibab spectra is that the low-field component of the sextet is a triplet rather than a doublet. This is not understood in detail. In general, although the sextet of six hyperfine components is still present, each of its components differs from its counterpart in the Solenhofen spectrum. In addition, the forbidden transitions are not as well defined. Despite these differences, the effect of increasing shock pressure appears to have a similar effect on the spectra. Both the low-and the high-field components broaden with increasing shock pressure, and the relative heights of the lesser peaks in each sextet decrease with respect to the highest peak.
Pressure Calibration by Differencing Spectra
The previous calibration technique of Vizgirda et al. [1980] relied on measuring the separation, in Gauss, of the two peaks of the highest field component of each spectrum. The splitting of the hyperfine peak, HPS, was related to shock pressure, P, by the relationship HP$(G) = -0.60P(GPa) + 13.85 (high field).
Although the decrease in the splitting of the peaks is most evident in the high-field hyperfine component, the signal strength of this peak is also the lowest. Therefore, as the signal intensity decreases, the error in measuring hyperfine peak splitting increases. The following technique was developed to incorporate the variations in hyperfine splitting as well as relative peak amplitudes and widths. In addition, the analysis will work equally well for the lowest field component of the spectrum, which generally has a higher amplitude than the highest field component.
The standard chosen for the Solenhofen limestone and
Enewetak carbonates was single-crystal calcite, while the the standard for the Meteor Crater samples was the wall sample used as material for the shock wave experiments. Both high-resolution spectra from each end of the spectrum were used in the comparison. The digital spectra consisted of 1000 amplitude values evenly spaced over a 100-G field range. Both sample and standard spectra were first normalized by the amplitude of the highest peak of the hyperfine spectrum. The sample spectrum was then translated along the magnetic field axis until the position of its highest subpeak coincided with that of the standard spectrum. Next, the absolute value of the difference in amplitude between the two where no is the index of the amplitude array corresponding to a magnetic field value 20 G below that of the highest peak of the standard spectrum. and Ysample(i) are the normalized amplitudes of the standard and sample spectra, respectively, and N is the number of data points that are integrated. In the case of the calcite spectra, N was chosen as 400, corresponding to 40 G. However, the high-field hyperfine peaks in the Kaibab spectra are broader than the limestone spectra, so the ID for these samples was calculated for 60 G, or 
The correlation coefficients for the fit were 0.983 and 0.971, respectively. 
Results of the Ejecta Sample Analysis
The OAK ejecta studied consist of 14 samples collected by a submersible from various sites throughout the crater and three samples collected by scuba divers from roughly a single site (Table 3) In addition to the range measurements, the estimated preexplosion initial depth of a limited number of the ejecta samples was available from strontium isotopic analyses and paleontology (B. Ristvet, personal communication, 1981) . The preexplosion depth below seafloor is plotted against shock pressure for these samples in Figure 8b . Although the preexplosion depth estimates are crude, there is a strong correlation between shock pressure and depth for this limited data set. This is consistent, however, with the previous assertion that the surface material was the most severely shocked. 
Results of the Meteor Crater Sample Analysis
The results for the crater wall analysis are listed in Table 5 . There is a slight indication of shock damage in the 0.3 to 0.6 G Pa range in the samples from the fi member of the Kaibab formation.
The peak pressure range experienced by some Kaibab limestone samples from the crater wall may be used to place constraints on the energy of the impactor using the relations derived by Moss [1988] and Lamb et al.
[1991] for flee-field shock pressure versus radius. Since we have in situ sampled rocks which lie not beneath the crater, which is less affected by the free surface, but a zone close to the free surface which may have experienced less than the free field shock pressure on account of stress wave reflections at the free surface [Melosh, 1984] , lower bounds on the impactor energy can only be obtained.
The Moss-Lamb model assumes that for an explosion in the free field the total energy, W, is uniformly de- 
Here f is an efficiency factor which takes into account that because of irreversible energy deposition only a fraction of the energy is available to drive a shock. Also, u is the outward particle velocity of the shock wave, and po is the initial medium density. The term within the parentheses is the mass encompassed by the shock and f would be unity if the work done on the rock within the sphere was all reversible. By fitting the observed decays of the stress waves from a large number of nuclear explosions, both in wet and dry rocks, Moss found that f m 0.53. For many dry and wet media the shock velocity versus particle velocity is given as Us = Go + s•
Here Co and s are the parameters for Kaibab limestone of Table 1 . The shock pressure is given by the Rankine Hugoniot equation P = po
Upon substituting Us from (6)in (7) and then eliminating u, between (5) and (7), we solve the resulting expression for W using the 0.53 value for f. Assuming a peak value of pressure (Table 4) Finally, we note there was also some evidence of light shock damage in the ejecta samples (Table 6 ). Figure   9 shows a plot of shock pressure versus distance from the crater rim for the Meteor Crater ejecta. As in the case of OAK Crater ejecta, the majority of the samples appear to be unshocked. However, there was some bias in the ejecta sampling technique. All the ejecta samples
